The pore space of shales and mudrocks ranges from molecular dimensions to micrometers in length scale. This leads to great variation in spatial characteristics across many orders of magnitude, which poses a challenge for the determination of a representative microscopic pore network for such systems. Standard characterization techniques generally provide volumeaveraged properties while high-resolution imaging techniques do not assess a representative range of pore sizes because of limitations in the spatial resolution over the field of view. Due to this complexity, open questions remain regarding the role of the pore network, extending over multiple length scales, in retention and transport processes, which in turn control oil and gas production.
flow. The majority of the pores in the shale matrix are aligned sub-parallel to the bedding plane because of preferred mineral and particle orientation. 14 This structural anisotropy leads to anisotropy of flow and mechanical properties. 15, 16, 17 Pores associated with specific minerals or components of the rock may impact flow and transport processes differently, depending on their number, size, and location. 18 However, assessing and quantifying a wide range of parameters, such as size, distribution, location, and orientation of pores, and minerals over the different relevant scales is challenging for analytical methods.
Imaging techniques can quantify local porosity and pore-size distributions 7, 8, 19 , pore orientation, and connectivity 20 , as well as 2D and 3D mineral and pore configuration. 21 Each imaging technique focusses on a respective size range, yielding a suite of different methods including μ-CT, BIB-SEM, FIB-SEM, TEM, AFM, and helium ion microscopy. 21, 22, 23, 24 Because some methods have partially overlapping accessible size ranges, they can be combined in a multi-scale imaging approach to extract information over the entire pore-size range. 25 The major drawback of imaging methods, however, is the inevitable trade-off between resolution and field of view: the higher the imaging resolution, the smaller the field of view. As a result, the assessed sample volumes become microscopic for the highest resolution images, which are needed to detect micro and meso pores.
For shales with significant spatial heterogeneity, the image may not be representative of the average rock structure. 13 An alternative way of probing statistically representative pore-scale information for shales is through the application of fluid invasion and radiation measurement techniques. 26 For example, two of the most commonly applied fluid invasion techniques are mercury injection capillary pressure MICP, and low-pressure gas adsorption of nitrogen or carbon dioxide. Each method has benefits in their application on shales, discussed in more detail in the literature. 26, 27 Even though both MICP and low pressure gas adsorption give valuable pore-scale information, they are limited to a specific size range that does not cover the entire pore range and do not provide spatiallyresolved information.
Small-angle scattering methods such as (ultra) small-angle neutron or X-ray scattering (USANS/ USAXS) can assess the size range from several Å up to several μm, which encompasses almost all the pore sizes seen in shales. (U)SANS 3, 17, 23, 26, 28, 29, 30, 31, 32 but also USAXS 33 have been applied on different shales to measure porosity, pore size, and surface area distributions.
Small-angle scattering can also measure the orientation of structures within a variety of different materials 34, 35, 36, 37 , including pores in shale. 17, 38 The average degree of orientation and orientation angle of the scattering can be quantified for the targeted sample volume.
In shales, the orientation angle is a direct measure of the average direction that the majority of pores are facing, whereas the degree of orientation is a measure for the tendency of pores to either face the same way or be randomly distributed. Pore orientation in shales causes anisotropy in the flow and transport processes, and therefore both parameters are closely related to mechanical and flow properties of the rock. 17 Strong pore orientation may be found in small-angle scattering experiments on shales when the sample is cut perpendicular to bedding. The reason is that pores in shales are usually oriented sub-parallel to bedding, without any preferential orientation within the bedding plane. As opposed to imaging methods, SANS can be applied to quantify the volume, distribution, and average orientation of the smallest pores in statistically representative sample volumes. However, imaging methods provide a significantly higher level of detail through resolving the sizes and shapes of each pore individually.
Neutron sources generally have low fluxes and neutrons are less likely to scatter than X-rays. To achieve reasonable counting statistics in a SANS experiment, the neutron beam is focused over several mm 2 . Therefore USANS typically probes volumes of a few mm 3 , which is several orders of magnitude bigger than the microscopic structural heterogeneity of shale. As a consequence it is difficult to resolve and determine component specific variations of porosity, pore size distribution, and pore orientation. It is then challenging to directly quantify the amount of organic versus inorganic matter, and fossil porosity out of the total measured porosity. This means that neither SANS nor imaging methods are most suitable to directly measure component-specific micro and meso pores for statistically relevant sample volumes.
Due to high photon flux at synchrotron sources, the application of X-rays instead allows a considerable beam size reduction, resulting in a smaller scanning volume. Therefore the SAXS spot size can be focused 39 to several μm 2 , allowing localized SAXS measurements. Such measurements are common in biology. 35, 37 The main interest there is to resolve the local variation of the orientation of ordered nanoscopic structures, such as muscular fibrils 35 or bone fibres. 37 These measurements are often performed sequentially across large sample areas to determine local variations in properties. Furthermore, the measurements are often combined with wide angle Xray scattering (WAXS), which gives complementary information to SAXS, assessing features < 1 nm.
The method can therefore be used to identify minerals and crystal orientation. 37 On shales, single synchrotron WAXS measurements were performed to study average mineralogy and preferred mineral orientation. 16, 40 However, localized SAXS-WAXS measurements with a microscopic beam size have not been performed on shale as of yet.
In this study we apply synchrotron scanning SAXS-WAXS microscopy on shales. We use small-angle scattering to obtain localized scattering information of the micro, meso, and macro pores. A key aspect of the experiment is that the beam size is microscopic such that the probed volumes approach the physical size of the structural heterogeneity of the rock. Simultaneously consecutive SAXS and WAXS patterns are recorded over a mm 2 raster, also providing sufficient sampling statistics. Local porosity, pore size distribution, and pore orientation as well as mineralogy are quantified, together with their spatial variability. The results are benchmarked against SANS and nitrogen adsorption measurements from twin samples. Finally we combine and integrate small-angle scattering in an imaging workflow including FIB-SEM, SEM/EDX and μ-CT to assess the full pore size range. We register all data such that imaging and scattering can be directly combined, serving the larger scope of this work, which is to determine the pore structure to use as input for modelling and flow predictions.
Scattering methods and the pore network
The experimental technique applied in this work makes use of several aspects of small-and wide angle scattering. SAXS/SANS and WAXS resolve structural features ranging from several Å to tens of μm in size. A representative experiment is shown in Figure 1 .
The X-ray beam is directed towards the sample, after which a proportion of the photons are elastically scattered at an angle. This scattering process is caused by variations of the scattering length density (SLD) within the path of the beam. For SAXS this means that the scattering is predominantly caused by pores and rock matrix that have a high contrast in SLD. The scattered photon intensity is then captured as a 2D scattering pattern on an area detector located at a specified distance behind the sample (Figure 1 ). The scattered photon intensity is measured as a function of the scattering vector given by:
where is the photon wavelength, 2 the scattering angle between incoming and scattered radiation, and is a characteristic real size of a scattering object. So with the relationship ≈ the pore diameter can be approximated for a specific at the detector. It follows that small pores scatter photons to large angles and hence larger , whereas large pores scatter to smaller angles and q. For most applications, the measured scattered intensity distribution is averaged over the detector area and presented as intensity versus plot. ( ) may then be interpreted with respect to the size and distribution of pores in the sample.
An important element in the interpretation of SAXS data is the SLD calculation of the individual components of the sample, as this affects the scattering intensity. For a specific mineral phase the SLD, * is determined by
where is the density of phase , Avogadros number, % the number of atoms in the molecule comprising phase , & " and ' " are the atomic number and mass of each atom respectively, and ( ) = 2.82 × 10 .$/ 01 is the Thompson scattering factor. As the scattering length of neutrons is independent of Z, in SANS & " ( ) is replaced by the coherent scattering length ( " of every 2th element.
Shales contain several mineral phases whose variations in SLD causes scattering. However, the SLD contrast between the individual minerals is generally much weaker than that with air. Therefore it is common practice to use an average SLD calculation for the mineral matrix, including the organic matter. 41, 42 This is done so that a two-phase system can be assumed, which is often required for the interpretation of SAXS data. We therefore define an average matrix SLD as: * = ∑ 3 4 
where j = 1, 1 are the individual phases present in the matrix volume 9 with their respective * .
As discussed in Anovitz and Cole, 42 this averaging may introduce a significant error when there are large differences in the SLD values of different phases. For SANS, this could be hydrogen-bearing phases with a high percentage of low mature and thus hydrogen-rich kerogen. For SAXS this could be heavy oxides. However, in terms of data analysis, assuming a three-phase system significantly increases the complexity for the quantification 43 and is not done here.
A widely-used approach to retrieve pore-size distributions, surface area, and porosity from SAXS measurements uses the polydisperse spheres model. 44 It assumes the rock to be a two-phase system comprising a mineral matrix and pores. It further assumes a random orientation and spherical shape of pores, distributed in size following a power law. For a system of polydisperse randomly oriented spheres the scattered intensity can then analytically be expressed as: 45, 46 ( ) = ( * − "; * )
where * − "; * is the contrast of the SLDs between matrix and air, φ the porosity, 9 ; K = ? 9 ; @(A) A L )
the average pore volume, following the respective pore size distribution probability function @(A) and B CDE ( A) is the form factor which defines the role of particle shape in scattering profiles, here considered to be that of solid spheres. 45, 46 The model we use to determine @(A) is implemented in the PRINSAS software as explained in more detail in Hinde 45 or Radlinski 46 . As input the model requires the experimental ( ) and calculated SLD for the mineral matrix. It then fits ( ) to retrieve @(A).
We also use SAXS to quantify the average pore orientation. Anisotropy of the scattering pattern can be caused by preferential orientation of particles (here pores) in the scattering volume. 36 This means that the pattern becomes more elliptic with increasing degree of preferential orientation. In addition, the orientation of the scattering pattern corresponds to the actual orientation of the particles but 90 degrees rotated in terms of the long axis of the pattern (in a plane perpendicular to the beam). To capture this anisotropy, the radial averaging of the intensity distribution over the detector as a function of azimuthal angle α is analyzed. Commonly, radial averaging is applied to reduce the 2D scattered intensity distribution to an ( ) plot for further analysis. However, in such a case, information of the anisotropy is averaged out and hence the intensity distribution of a specific is represented by a single average value. Therefore in the present study the detector is subdivided into M = 16 segments, each covering an azimuthal range of 22.5° for which each a radial integration is performed. 35 The resulting average intensity distribution for a specific range is fitted assuming a sinusoidal form: 35
where, N ) and N $ are the average and oriented intensities respectively, α C the orientation angle, % M the azimuthal segment, and M the total azimuthal segments.
In Figure 1 we show two examples of experimental scattering patterns which illustrate the process, plotting the average intensity distribution versus azimuthal angle of two different samples. The data are from two measurements: one of a random oriented pore structure (a); and one from an oriented structure (b). From (a) no clear orientation can be derived, hence the scattering pattern is rather spherical. Consequently the average intensity does not vary much with azimuthal angle.
However, in (b) the average intensity shows sinusoidal dependence on azimuthal angle. All parameters N ) , N $ , and α C can be extracted as indicated for structure b. In addition, the degree of orientation can be defined as a1/a0. It follows that for each measurement also the degree and orientation angle of the pores can be quantified (note that the average pore orientation is 90 degrees rotated to the long axis of the scattering pattern).
From WAXS data different aspects of mineralogy can be quantified. When applied to shales, the radially integrated pattern displays strong intensity maxima for a given . For historic reasons in the diffraction community the intensity is given as a function of scattering angle (2 ) instead of the scattering vector . In this study this terminology is therefore applied to WAXS measurements. Similar to SAXS, each peak position corresponds to a characteristic length in the WAXS measurements. For the size range covered with WAXS these are atomic distances in a crystal lattice.
Each mineral thus has a characteristic combination of peaks in the scattering pattern, corresponding to its crystal structure. While different minerals may show overlapping peaks, other single peaks may be indicative for a specific mineral. Minerals can thus be identified by finding mineral characteristic peak combinations in the scattering pattern.
Materials and methods

Samples and sample preparation
The rock types used were selected to represent a large variety of structural differences, comprising not buried deeply, therefore no strong orientation of the pores is expected; more details about the core can be found in Alqudah et al. 47 The last rock sample is low-grade metamorphic schist from an outcrop in the Loire valley in France. This Anjou black schist, referred to here as France shale, is expected to have the highest degree of pore alignment.
Samples were initially trimmed from core pieces to 2 × 2 × 20 mm 3 rectangular segments which were scanned using μ-CT, see Figure 2 . Following that, the samples were embedded in resin and were bisected along their length (Figure 2 b ). The new exposed surfaces were then polished, and additional μ-CT tomograms were obtained for both new segments. These were then mounted on a rigid perforated steel frame, supported by a substrate, with which their polished surfaces were contacted in permanent adhesion. Two material options were tested as substrates, aiming at minimal scattering interference: Kapton foil, and mono-crystalline Si wafers of 001 orientation and 50 μm thickness. After mounting the samples onto substrate and frame, they were polished, without water, to a thickness of 10 or 30 μm thin sections. An example for a final thin section as it was used for SAXS-WAXS microscopy is shown in Figure 2 
Data treatment
The orientation analysis for the SAXS data was performed using Matlab macros available at the cSAXS beamline, and downloadable at 48 . The scripts are tailored for the analysis of scanning SAXS-WAXS data. In the first step for every measurement point a separate data analysis is performed using equation (5) to calculate the average intensity N ) , the oriented intensity N $ , and the orientation angle α C . The script generates maps showing the distribution of these properties. In addition, maps are generated with the degree of orientation N $ /N ) , the average and oriented intensity and orientation angle N ) , N $ , α C , and the intensity exponent.
The quantitative data for porosity and pore size distributions that will be discussed are from Opalinus Clay. For the specific sample a suite of experimental reference data is available including XRD, SANS, and N2 sorption data 26 . In this study we use the reported XRD data, N2 sorption data and SANS data, to compare to SAXS and WAXS results from cSAXS.
Based on the reported mineralogy, structural formula and density shown in Table 2 , for every mineral the SLD was calculated based on equation (2) . Then an average SLD of the individual contributions for the mineral matrix is calculated using equation (3). The calculations were done with the scattering length density calculator in the software sasfit 49 for both SANS and SAXS data.
Input parameters for the individual calculation are based on mineralogical formulae, mass density , X-ray energy of 11.2 keV and a neutron wavelength of 0.6 nm are shown in Table 2 . Samples used for SAXS, as well as twin samples for N2 adsorption and SANS measurements, were drilled from different locations of the same core piece measuring approximately 2 cm in height and 4 cm in diameter. 26 USANS and SANS data were calibrated by means of absolute scattering cross-section by using an internal Perspex standard. With the help of a standard of known scattering behavior a parameter is determined to shift the measured ( ) in magnitude. This step is necessary for quantitative data analysis. Lacking experimental absolute calibration for SAXS data, we followed the approach by Zhang et al. 50 for intercalibrating SANS and SAXS data. From SANS measurements conducted on twin samples of Opalinus clay, the expected ( ) was calculated for the experimental conditions at cSAXS. The calculation is based on the square of the ratio of the average X-ray and neutron SLD for the rock matrix ( Table 2) :
where \]^\,_`D_ab_c ( ) is the expected curve from the measured SANS curve \]T\ ( ), and def g_; h_,^.; iC and def g_; h_,!_jb;k!C is the average SLD for the rock matrix for X-rays and neutrons respectively.
In the next step a shifting parameter is determined for the experimental transmission corrected SAXS data on Opalinus Clay. First, the average ( ) of the experimental SAXS data (the green area in Figure 6 (a)) is manually shifted to fit the expected SAXS curve \]^\,_`D_ab_c ( ), yielding a shifting parameter. In the following the shift parameter is then applied to each single measurement. The explicit assumption here is that the microstructure of the sample analyzed with SANS and average SAXS is identical. In that case \]^\,_`D_ab_c ( ) and the average SAXS ( ) can be superimposed.
We make the assumption based on results by Busch et al. 26 showing that twin samples of the same rock sample have a similar scattering behavior. We expect little variation hence we perform the SAXS measurements a twin sample of the exact same material. An uncertainty of unknown magnitude may be introduced by this scaling. It should, however, not affect relative intensities measured from individual SAXS volumes.
The calibrated ( ) from SANS and SAXS were fitted with the PRINSAS software 45 applying the polydisperse spheres model. An average SLD for the matrix was required for SAXS and SANS for the fit. The average SLDs used are reported in Table 2 . The fit returned @(A) as a function of pore radius for SAXS and SANS. Porosities were obtained by summing the pore volume and dividing by the sample volume. Respective pore size distributions from SANS and SAXS pattern are compared to each other and to N2 sorption data 26 as cumulative pore volume distributions versus (pore) radius.
Characteristic minerals were identified in the WAXS patterns via peak fitting of the expected patterns to the experimental data. Possible minerals and expected scattering pattern for each mineral were obtained from Rietvelt refined XRD data for Opalinus Clay 26 .
Image processing of the FIB-SEM and μ-CT data, as well as image registration of FIB-SEM, SEM/EDX, μ-CT and SAXS data was performed in the Avizo 51 software. The image processing involved image filtering using a nonlocal means filter and a watershed-based segmentation. For the image registration in Avizo, in the first step a rough "by eye" registration is performed, followed by an automated iterative method using the image registration module.
3 Results and discussion
Section description
In this section we present the experimental results subdivided into six sub-sections. The general purpose and content of each section is summarised below.
• Section 3.2 shows the variety of results from the scanning SAXS-WAXS microscopy measurements at cSAXS. The main purpose is to demonstrate the information content that is available. The rock investigated first is Opalinus Clay, cut parallel to bedding. The same rock will be further investigated in Section 3.4. The results show the different parameters as a function of position in the sample.
• Section 3.3 provides an orientation analysis on rocks perpendicular to the bedding plane,
where the effects of anisotropy are expected to be more marked. Jordan shale and France shale are compared. Both have a different burial history and therefore show differences in the magnitude of the degree of orientation.
• Section 3.4 presents the volumetric properties that were modelled from the SAXS data of Opalinus Clay. Individual small SAXS volumes are selected, analyzed, and compared. The measurements target rock matrix, the contact area of matrix and large minerals. The data is compared to N2 and SANS results to validate the SAXS data.
• Section 3.5 presents WAXS results for Opalinus Clay. The purpose is to identify minerals from the scattering pattern.
• Section 3.6 shows the combination of imaging and scattering for the same Opalinus Clay sample that was used in the previous sections. First it is demonstrated that μ-CT SEM and scanning SAXS-WAXS can be combined. Then we register FIB-SEM volumes to the scattering data.
• Section 3.7 is a summary of the results and their implications.
Available data from SAXS microscopy
An overview of the information content obtained from a measurement is shown in Figure 3 . On the left we show a microscopic image of a thin section of Opalinus Clay, cut parallel to bedding. The area indicated by the red dotted lines was scanned and the images in Figure 3 The absorption map in Figure 3(a) is an X-ray microscopic measurement where dark pixels correspond to high absorbing (dense) phases. The map is a first indication of mineralogy, and makes the interpretation of the scattering pattern much easier. It shows microscopic minerals or fossils that can be approximately 10-100 μm in diameter, surrounded by rock matrix that cannot be resolved further. A distinct large grain of several hundred μm is situated in the center of the sample.
That implies that the spot size of the measurement resolves rock matrix and microscopic mineral grains or fossils.
In Figure 3 (b) the local degree of orientation is shown. This parameter has values from 0 to 1, representing pores of low random orientation or a very high degree of orientation of preferentially aligned pores, respectively. The local degree of orientation can be as high as 0.25, meaning that pores can be moderately oriented. Overall the orientation does not appear to follow a distinct systematic pattern, although some high values occur around some of the larger grains in the center of the pattern.
The main orientation of the scattering pattern α C is displayed in Figure 3 (c), which is always perpendicular to the orientation angle of the scattering pattern. For example, if a pixel suggests an average orientation of the scattering pattern at 90°, pores in that volume are facing towards 0°. So with this map the local orientation of pores can be visualized. It can be seen that orientation distribution does not to follow a specific pattern.
The intensity exponent in Figure 3(d) shows the decay of the scattering intensity ( ) on a log/log scale. The curve typically follows a power-law whose exponent m is defined as ( ) ≈ .m . The map shows the value of 1 for the given range. The exponent quantifies the fractal nature of scatterers, for most shales indicating either a surface or a mass fractal 30 , or may be interpreted as a power law pore size distribution 52 . In map (d) it is shown that the intensity exponent varies locally from about 3.01 to 3.24, although again not following a specific pattern. As in Figure 3 (c), the orientation in Figure 3 (e) appears to be more or less random. A slight trend towards a preferential orientation of the scattering pattern to 30°-50° (green color code) might be interpreted. The reason for that could be that the thin section, even though prepared parallel to bedding, was accidentally cut at a low angle, causing a slight anisotropy of the scattering pattern.
The observation could also explain why the orientation values are larger than expected for measurements performed perpendicular to sample bedding. 17 Figure 3 (e) suggests that the large mineral grain has a lower scattering intensity than surrounding scanning volumes, suggesting that it is less porous. In the vicinity of the grain, pores seem to be more abundant with preferential alignment and a distinct orientation.
The maps shown in Figure 3 
Pore orientation
The orientation analysis over different sample volumes reveals detailed aspects of the local structural alignment of pores. We apply the same orientation analysis scheme as shown in the previous section, but on different rocks. Here we focus on the local pore alignment and pore orientation as a function of rock type and rock orientation. Figure 4 shows the results for the France shale sample cut perpendicular to bedding. A preferential orientation and high degree of orientation are expected due to its deep burial. Figure 4 (a) shows the degree of orientation and (b)
shows the pore orientation together with isotropic and anisotropic scattering intensity for pores from approximately (20-30) nm in diameter. The average degree of orientation is high, mainly between 0.9 and 1, suggesting that the pores have a strong preferential orientation. It varies locally and a lower degree of orientation is connected to isolated elongated spherical areas several μm long. A low degree of orientation can also be connected to even larger microscopic features. An example for this is located at a distance of approximately 0.7 mm on the x-axis. At this location the scanning area is intersected by a black band approximately 50-100 μm wide, with a degree of orientation below 0.9. Figure 4 (b) suggests that the average orientation of the scattering patterns is horizontal (cyan on the color wheel), hence the pores are oriented in a vertical direction, which is the direction of the bedding plane (marked with the red arrow and parallel lines). However, the results show that both parameters vary locally. Areas of low degree of orientation, in contrast, do not show a preferential orientation, and have a low scattering intensity, i.e. contain relatively fewer pores.
It can be concluded that the degree of orientation, orientation, and anisotropic and isotropic scattering intensities vary locally. Here low values of both scattering intensity and degree of orientation are connected to large features. The shape and distribution of these objects suggest that they represent larger grains within the clay matrix. These are expected to be less porous, and without any preferential orientation. Therefore the elongated feature most likely represents either a crack or a mineral vein. Compared to the results shown in Section 3.2, where the pore orientation is random, we identify a clear preferential orientation of pores sub-parallel to bedding in this case.
This was also observed and suggested by results of SANS studies on shales by Gu et al. 17 The average degree of orientation is generally much higher than shown in Figure 3 . This outcome is expected to be due to the preferential orientation of pores sub-parallel to bedding.
In Figure 5 the degree of orientation of pores varying in size from 20-30 nm is shown for the Jordan shale. The analysis is performed on two twin samples cut parallel ( Figure 5 
Porosity and pore volume distribution
SAXS allows the determination of porosity and pore-size distribution, which in relation to gas shales provides information on gas-in-place as well as first indications on transport properties. Results in Sections 3.2 and 3.3 suggest a local contrast in scattering intensity, indicating a relative contrast in porosity. While we expect large contrasts for these parameters between matrix and microscopic grains, we also want to examine the variation of matrix porosity. The rock investigated is Opalinus
Clay cut parallel to bedding. The assessment is on a pixel-by-pixel basis. The pixel selection was done on the absorption map in Figure 6 supported by an SEM image taken after the SAXS experiment ( Figure 6, right) . The SEM image represents a high-resolution image of the surface mineralogy of the thin section used in the SAXS experiment, including the scanning area. Initially both images were registered onto each other as described in Section 3.6 below, such that SAXS volumes could be selected according to surface mineralogy in the SEM image. Here in the first part we quantify the local variation of porosity calculated from the SAXS scattering curves. Then we will compare the results for the calculated pore size distributions from each individual volume to complementary SANS and N2 sorption data.
All positions of the selected volumes are shown in Figure 6 (red arrows a-g) on the absorption map ( Figure 6(a) ) and the respective SEM image ( Figure 6(b) ). Each volume was selected on the basis of the SEM image intended to target rock matrix (red arrows a-e), contact zone mineral grain and matrix (arrow f) and a calcite mineral grain (arrow g). The corresponding ( ) are shown in Figure   6 c and compared to an average scattering curve for the sample. The average scattering curve is obtained from 1280 individual scattering volumes, covering a sample area of approximately 400 × 400 μm 2 . The part that overlaps with the SEM field of view (more than 70% of the area is overlapping) is shown in the absorption map of Figure 6 . The total variation observed ranges over about an order of magnitude in intensity. Except for the curve representing volume (a), all curves intended to target rock matrix (a)-(e) are not shifted more than a factor 2 from the average curve on the horizontal axis. Volume (g) has the lowest and (f) the highest intensity.
The porosities calculated from the ( ) curves of each volume (Table 3) suggest that porosity varies locally. Porosity represents the total pore volume (connected and unconnected) of all pores of radius 1.5-125.9 nm. The observed porosity range is from 2.1% to 23.8%. The lowest porosity of 2.1% relates to the calcite grain. It is considerably lower than the average of 14.8%. The lowest porosity for volumes in the rock matrix is 5% and assigned to location (a) in Figure 6 . This is approximately one third of the average porosity. The second lowest is attributed to location (c) and is 3.8% less than the average. The highest porosity of 23.8% was measured for location (f), just next to the calcite grain in location (g). The remaining locations in Figure 6 (b)-(e) show a small but measurable porosity variation relative to the average value, with porosity values roughly between 11% and 15%. For comparison, the average porosity for the SAXS data is 1.9% lower than the measured SANS porosity of 16.6%. The reason could be that the average porosity of the two studied samples was different. 26 investigated up to 13 Opalinus Clay samples from one core section, and found a narrow porosity range. Further, previous studies suggest that the samples volumes studied here are well within the expected representative elementary volume (REV) for the rock matrix in Opalinus Clay.
For instance, Keller et al. 20 found that a FIB-SEM measurements volume of 10 × 10 × 8 μm 3 for Opalinus Clay was close to an REV for the rock matrix: This is much smaller than the sampling volume of 25 × 10 × 30 μm 3 used here. A possible reason for the variation is that the volumes targeted by the SAXS not only contain rock matrix, but also microscopic grains, that have considerably lower porosity, thus lowering the effective measured porosity. Evidence for large grains differing in length in our data can be found in the absorption map in Figure 3 (large mineral grain in the center).
Another reason for the variation of measured porosity values could result from errors in the SLD calculation related to mineralogical heterogeneity. As small volumes are targeted, the mineralogical composition is expected to vary significantly. Mineralogical heterogeneity would lead to variations of the true average scattering length density affecting the calculation of porosity. A strong effect is expected from the presence of pyrite or siderite in the volumes. However, as shown in Table 2 , pyrite and siderite only contribute 1% and 0.8% to the bulk mineralogy respectively, hence for this example no strong effect is expected. Only for rocks that have high (local) concentrations of high density minerals might this effect become relevant.
The pore size distributions may help to understand the differences observed in average porosities between SAXS and SANS measurements and between individual volumes. In the following the pore size distribution of the average SAXS curve is compared to the pore size distributions of SANS, and additionally to N2 adsorption data, to benchmark the SAXS results against multiple methods. We assume that similar structures have a similar pore size distribution. Then we also compare the individual pore size distribution of volumes (a)-(g) to the average SAXS results. Calculated pore volume distributions versus pore radius of all the sub volumes studied, including the average curve, SANS and N2 adsorption, are shown in Figure 7 .
The agreement between N2 adsorption SANS and the average SAXS curve shown in Figure 7 Volumes (a, f, g) represent a different pore structure compared to the average curve because they have strongly differing slopes.
The first observation is that the pore size distributions of the rock matrix and mineral grains are different, which is in line with the correspondingly low porosity. Another observation is that local variation is measurable between volumes (a)-(e) that are most likely targeting matrix volumes. As discussed, a reason could be the presence of large non-porous grains in the scattering volume reducing the effective porosity and decreasing the intensity magnitude. Overall it is difficult to make a clear statement on what causes the variation.
We conclude that one way to individually investigate local effects is to quantify phase-specific properties by reducing the scattering volume size. This could be achieved by reducing the beam size, the sample thickness or a combination of both. This would allow detailed studies of the microstructure, determining the role of components in the pore network by statistically studying the volumetric properties and the microstructure. A possible application could be to quantify pores in the rock matrix, organic matter-rich volumes or volumes connected to clay minerals. The results have shown that decreasing the beam size of a SAXS measurement applied to shales also means that it may become increasingly important to know what mineral phases are present in the scattering volume, for an accurate SLD calculation or to understand the observed variation in properties.
WAXS and mineralogy
The surface mineralogy of the area targeted by a small-angle scattering beam does not necessarily represent the average composition of the scattering volume, if the volume size is small. Additional information about the mineralogy of the scattering volume may be required to understand local differences in porosity and pore-size distribution.
We have combined WAXS and SAXS from identical volumes. Here we determine minerals present in the scattering volume of the selected regions (a)-(g) shown in Figure 6 . Mineral identification is performed by peak fitting of the WAXS data. In general each mineral shows a unique combination of high-intensity peaks at given 2 corresponding to its crystal structure. A mineral phase can then be identified from a WAXS pattern, if the peaks observed are at the same position as in the expected scattering behavior for the mineral. This requires knowledge of the scattering behavior of the minerals present as well as of the mineralogical sample composition. Here the reference is a Rietvelt refined XRD pattern of a twin sample of the same mineralogy. 26 The refined data also shows the corresponding scattering pattern of the individual minerals that contribute to the total scattering pattern. The mineralogy is presented in Table 2 ; we selected the key minerals from Table 2 and compare the simulated pattern for individual minerals to the WAXS data of volumes (a)-(g).
In Figure 8 the intensities of the experimental data are shown in red and the expected pattern for the different minerals are marked in grey-black lines, for the volumes (a)-(g). The intensities shown are normalized to the total intensity, to better compare expected and experimental data. The results suggest that all volumes (a)-(e) contain illite. In addition, volume (b) contains quartz, while (c)-(e) contain calcite. The other two volumes seem not to contain illite, while (g) only contains calcite. While the XRD data of the sample suggest more than 21% of kaolinite, the signal was not present in the WAXS pattern of the tested volumes. In addition, the pattern also showed additional peaks which were not identified. One example is volume (c), with two non-identified peaks at 27.13 and 27.43 degrees. Those two peaks would match the pattern of K-feldspar; however, the experimental pattern is also missing many of the peaks that are expected for K-feldspar at lower angles.
The measurements confirm that all volumes (a)-(e) targeting the rock matrix contain illite the main constituent of the matrix. Volumes (f) and (g) differ in mineralogy; (g) only contains calcite while neither sample contains clay.
Identifying the minerals in the pattern alone, however, could not explain the differences in porosity that were observed in section 3.4. Rietvelt refinement of the pattern could resolve the mineral quantity. 16, 40 This could help to connect mineralogy to porosity. It was not attempted here because the detector used in the experiment covered a very limited angular range as shown in Figure 1 .
Because of preferential mineral orientation and detector size our analysis most likely does not capture all the minerals present. This is also the likely reason that not all the peaks in the pattern could be identified in volume (c). Some reflections were either not produced because of the mineral orientation, or not captured by the detector.
Several studies have shown that also preferred mineral orientation can be quantified from texture analysis of a full detector WAXS pattern. 16, 40 Mineral orientation certainly influences rock mechanical, and flow properties. 16, 40 We therefore suggest the combination of mineral orientation porosity and pore size distribution as well as pore orientation derived from SAXS analysis in future research. We propose to perform both full detector scanning SAXS-WAXS experiments, in combination with SAXS and statistical analysis of the data.
Image registration
In this section we combine μ-CT, SEM, and FIB-SEM imaging with SAXS and WAXS microscopy. Figure 9 shows that scanning SAXS-WAXS microscopy can be integrated into a multi-scale imaging workflow. SEM imaging yields tens of nm to sub-μm information about porosity and surface mineralogy (Figure 9 (b)0, although only in 2D. The SEM image is used for registering into the 3D μ-CT scan volume in Figure 9 (a). In this example a large calcite grain in the center in Figure 9 (b) makes the registration process much easier. Since the feature extends over hundreds of μm, it can be easily recognized in all the data. For example, it can be easily resolved in the X-ray absorption map Figure 9 (c), extending over the entire SAXS scanning area. This map is first used for image registration in relation to Figure 9 (a) and Figure 9(b) . Once the registration of the absorption map is completed, the coordinates obtained from the image registration can be applied to all other SAXS data (Figure 9(d) ). As a result μ-CT, SEM data can be directly compared and combined with all types of SAXS/WAXS data as shown in sections 3.2-3.5.
The absorption map is suitable for image registration because it shows the density distribution and resolves similar features as the μ-CT scan. However, the success crucially depends on the dimensions of the SAXS beam. The current beam size for scanning SAXS-WAXS is 10 × 25 μm 2 , which is approximately a factor of 250 higher than the μ-CT voxel resolution. Smaller sub-micron features such as shells or pyrites could remain unresolved, and thus may be represented as a "mixed" SAXS signal.
After the SAXS data was acquired, FIB-SEM imaging was performed on two spots, targeting the rock matrix, to obtain high-resolution 3D images. For that, two trenches measuring approximately 80 × The segmented FIB-SEM data gives detailed information on the size and distribution of the macro pores as shown in Figure 10 (iiia) and (iiib).
In FIB-SEM studies a pore is normally only resolved if it spans at least 3 voxels, which means that pores of diameter < 20 nm cannot be represented correctly for typical FIB-SEM with a voxel size of 5-10 nm 20 . In this study the voxel size is 10 nm. This resolution gap results in an unconnected pore space for many rock samples. 20 A successful registration of SAXS and FIB-SEM data means that the lower part of the meso pores can be measured for a rock volume targeted by FIB-SEM.
Repeatable measurements from different experimental techniques are required for systematic studies of the shale microstructure. However, it has been shown that different experimental techniques, especially small-angle scattering and imaging techniques, produce systematically different results for porosity. 26 Therefore, for better understanding of the uncertainties and limitations of experimental methods we use to characterize pores in shales, direct comparisons are needed. This, however, is often difficult because either physically different samples have to be used or incomparable volume sizes of several orders of magnitude difference are assessed by different experimental techniques, possibly introducing an error due to sample heterogeneity.
Here we show the application of SAXS and imaging on a largely overlapping sample volume, where the volume targeted by SAXS is only approximately a factor of 12 larger than the FIB-SEM volume.
This difference, however, could be minimized in future experiments through reducing the sample thickness and SAXS spot size. It would allow direct comparison of both techniques to benchmark results of the experiments.
Summary and implications on SAXS-WAXS analysis on shales
We have explored scanning SAXS-WAXS microscopy as a rock characterization tool. The motivation is to overcome the limitations of scattering and imaging or shale characterization by combining their individual advantages. X-ray scattering with a small spot size enables the local assessment of pore orientation and volumetric properties. It allows pore size distributions to be inferred, with a quantification of size for even the smallest (nm-sized) pores in shales that may not be captured by even the highest-resolution imaging techniques. Because of the high scanning resolution determined by the small spot size, the results can be registered directly to 3D images, which provide a more complete representation of the pore space at larger scales, above 100 nm.
The results demonstrate that a crucial part for the success of this effort is the beam spot size and sample thickness. The spot size in this experiment was small enough to measure the local variation of orientation and volumetric properties. The orientation, degree of orientation, porosity, and pore size distribution vary locally. Strong differences in orientation and volumetric properties may act as flow barriers that influence the macroscopic flow properties over several mm. Strong variations from the average rock matrix behavior could be attributed to mineral grains, and fossils that range from sub μm to several μm in size. It was also found that a smaller local variation, primarily of the volumetric properties, was apparent within the rock matrix.
We propose two ways to improve the quantification of the variation caused by structural differences related to material properties of different phases, from effects induced by local mineralogical heterogeneity. In the ideal case both the beam size and sample thickness need to be further reduced. The aim here is to reduce the scattering volume size to target individual components of the structural local heterogeneity within the rock matrix. The underlying idea is that the smaller the volume, the fewer phases are present, allowing the accurate resolution of individual components. Statistical analysis of the data that is collected over a large scanning area will lead to a clearer picture of the roles of components in the matrix. When reducing the spot size and sample thickness a smaller volume is targeted. Both mechanisms increase the scanning time significantly.
So most likely there is a practical limit, which means there will always be some heterogeneity left in the scanned volume. A way to deal with this heterogeneity might be a comprehensive statistical analysis of the data. This is also one of the strengths of scanning SAXS and WAXS microscopy, where in a short time a large amount of data is collected. Therefore, by measuring multiple volumes over a large area of the rock, a large heterogeneity and associated variation of the microstructure can be assessed. A possible application of the method could then be using organic-rich shales to measure differences in organic matter, pyrite and clay mineral porosity and pore size distributions.
The method could also be applied for REV analyses in shales or other heterogeneous porous materials. This can be established by investigating the number of scanning volumes required to reach a constant porosity and/or mineralogy. As shown in Figure 3 , five scanning areas covered reach at least several mm 2 , which can effortlessly be further increased (at the cost of measurement time, and limited by sample size) to capture an REV. Systematic studies of the variation will lead to a better characterization and understanding of the shale pore network and the scales over which it varies.
A further reduction of the spot size, however, makes it increasingly important to know the mineral phases present in the volume investigated. When reducing the spot size, the mineralogical heterogeneity increases. Minerals in the scattering volume determine the SLD and thus affect the calculated porosity. So reducing the spot size makes the interpretation of measurement more complex, because every scanned volume can have a different mineralogy. The reduction, however, also gives the opportunity to make the measurement more accurate, if the mineralogy is known.
While WAXS measurements in this study gave valuable insight into minerals present in the volumes investigated, the detector was too small to capture the reflections at all angles. Thus full detector measurements are needed to capture all mineral reflections. Even though a quantitative mineralogy will be biased by preferential orientation of minerals, it might be necessary to attempt mineral quantification for a more accurate SLD calculation. Full detector WAXS would add valuable information on preferential orientation of mineral components that also determine porosity, connectivity, and mechanical properties. We therefore think that in future experiments SAXS and full detector WAXS should be combined. SEM, FIB-SEM imaging, and small-angle scattering data can be directly combined and registered to each other. This combination allows direct comparison of volume averaged pore-size distributions and porosity distributions of both methods. As a result, the effective measurable pore size range of BIB-SEM and FIB-SEM can be enhanced, including pores of radius as small as 1.5 nm. It is crucial to understand, orientation, porosity, and pore-size distribution in the mineralogical context and distribution of the pores on all relevant scales for establishing meaningful predictive models for flow, transport and storage processes. We think that scanning SAXS-WAXS microscopy has a large potential to address these points.
Conclusions
In this study we have applied scanning SAXS-WAXS microscopy to better understand porosity, poresize distribution, and pore orientation in shales. The novelty over common application of smallangle scattering techniques on shales is that local but volume-averaged information is obtained. This is achieved by operating the method in a scanning microscopy mode where the beam is focused to microscopic scanning volumes. This application makes it possible to target microscopic volumes and at the same time collect statistically relevant data for large sample volumes. We show that, combined with WAXS, local porosity, pore-size distribution, pore orientation, and mineralogy can be locally resolved in one measurement.
We have demonstrated that this method can be combined with μ-CT, SEM, and FIB-SEM imaging on the same sample volume, extending the measurable range of imaging methods down to pore sizes as small as 3 nm. The method thus allows the systematic analysis of the distribution of the smallest pores connecting larger pores that are crucial for gas storage processes. For meaningful predictive models it is crucial to represent this pore class accurately.
The local porosity and pore size distribution of pores ranging from 1.5 to 150 nm in Opalinus Clay strongly varies over μm scales. However, we found that the spot and sample thickness were too large to further resolve and fully explain these variations. For future applications we suggest reducing the spot size and sample thickness even further. The measurements may then be used to directly measure pore-size distributions and porosity of organic matter, matrix and other rock components. This would improve the understanding of the distribution and role and meso pores for transport and storage processes in the shale pore network.
The combination SAXS and later FIB-SEM on nearly the same sample volume allows direct comparison of both techniques. This application may improve assessing errors and uncertainties of small-angle scattering and FIB-SEM imaging to characterize the shale pore system. Future application of SAXS and WAXS could be used to link pore orientation, pore volume, and mineral orientation for systematic studies on flow and mechanical properties of the microstructure.
Thus, it could be used to determine REVs for porosity and mineralogy in shales and other heterogeneous porous media.
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show strong variation related to differences in the pore structure. Volume (d) seems to have a similar pore structure than volumes (b), (c) and (e), though at lower magnitude. The results also show that volumetric properties can deviate substantially from the average curves. and (ib). Hence the SEM is registered to the μ-CT and scattering data the scattering information can be extracted for the individual volumes (ia) and (ib). This allows direct comparison of the FIB-SEM data and scattering data. Due to the beam size, the effective volume targeted by the SAXS (green box iia and iib) is still larger than the FIB-volume (red box iia and iib). The segmented FIB-SEM data can be used to visualize pore orientation and calculate volumetric properties (iiia and iiib).
